Abstract-This paper presents an energy efficient relay deployment algorithm that determines the optimal location and number of relays for future wireless networks, including Long Term Evolution (LTE)-Advanced heterogeneous networks. We formulate an energy minimization problem for macro-relay heterogeneous networks as a Mixed Integer Linear Programming (MILP) problem. The proposed algorithm not only optimally connects users to either relays or eNodeBs (eNBs), but also allows eNBs to switch into inactive mode. This is possible by enabling relay-to-relay communication which forms the basis for relays to act as donors for neighboring relays instead of eNBs. Moreover, it relaxes traffic load of some eNBs in order to allow them to enter the inactive mode. We characterize the optimal as well as provide an approximate solution, which, however, performs very closely to the optimum. Our performance evaluation shows that an optimal relay deployment with relays acting as donors can significantly improve system energy efficiency.
I. INTRODUCTION
T HE growing energy costs and ecological challenges in combating climate change have recently stimulated the curiosity of standardization bodies and researchers in an emerging research area termed energy efficient wireless networks [1] , [2] . In this regard, several international research projects have started to address the energy efficiency in cellular systems, namely, "Energy Aware Radio and Network Technologies (EARTH)", "Cognitive Radio and Cooperative strategies for Power saving in multi-standard wireless devices (C2POWER)" and "Towards Real Energy-efficient Network Design (TREND)" [3] - [5] .
Energy efficiency in networks with macro base stations (eNBs) and relay nodes (RNs) has received significant attention since relaying is a promising approach to improve capacity and energy efficiency of wireless networks [6] - [9] . The energy consumption in macro-relay networks depends upon two aspects: (i) transmission energy; and (ii) circuit energy consumption. The circuit energy consumption of eNBs and RNs should be considered jointly especially in low traffic load conditions in order to improve network-wide energy efficiency.
In heterogeneous networks, energy minimization in macrorelay networks has been studied in [6] and [7] , where the user rate requirements are also guaranteed. The authors formulated an integer optimization problem and proposed a dynamic macro-relay selection heuristic algorithm for energy minimization in [6] and [7] . However, each of the above contributions has some limitations. The macro-relay network considered in [6] is restricted to only single cell and relay environments. Similarly, [7] considers a network scenario with M relays and one base station. Thus, both solutions, in [6] and [7] , do not seem to generalize to standard Third Generation Partnership Project (3GPP) multi-cell environment. To the best of the authors' knowledge, energy efficiency of a macro-relay network with relays acting as donors for neighboring relays has never been proposed before in the literature.
In this paper, our goal is to deploy Long Term Evolution (LTE)-Advanced RNs in such a way that the total energy consumption, due to relays and eNBs, is minimized. This is attained through: (i) optimally deploying relay nodes; and (ii) turning off some of the eNBs. It is worth noting that optimally placing relay nodes should yield communication over short ranges and, hence, lower-power transmissions, as well as enabling switching off some eNBs. Additional constraints include the need to guarantee a minimum throughput to users, and a maximum number of RNs that can be deployed. In this paper, we focus on downlink traffic only. The rationale is that currently downlink traffic, i.e., content downloads, accounts for the majority of the traffic demand in cellular networks. We cast the problem into a Mixed Integer Linear Programming (MILP) optimization formulation. Then, we propose both exact and approximate (distributed) solutions for energy minimization of macro-relay networks. Extensive performance evaluation results reveal that the proposed algorithm significantly reduces the energy consumption of macro-relay networks.
The rest of this paper is organized as follows. The system model is presented in Section II. A novel optimization problem formulation and algorithm for energy efficient relay placement and load balancing is proposed in Section III. Performance results are presented in Section IV. Finally, conclusion and future work are pointed out in Section V. 
II. SYSTEM MODEL
In this paper, we consider a downlink macro-relay network consisting of macro eNBs, low power RNs and User Equipment (UEs). An overview of a multi-cell macro-relay network is shown in Fig. 1(a) . The eNBs, RNs and UEs are equipped with single antenna. In this paper, we consider in-band Type 1 LTE-Advanced RNs, which use the same frequency resources for both backhaul (eNB to relay) and access (relay to UE) links. Moreover, the backhaul and access links are timedivision multiplexed in order to avoid interference between these links. The RNs must connect to a donor macro eNB either through a backhaul link, or, in a multi-hop fashion, to another RN as shown in Fig. 1(b) . The users can connect to the network through macro eNB, either directly or through RNs using decode and forward technique (see Fig. 1(b) ).
The UEs are uniformly distributed in the macro-relay network under consideration. The energy consumption of UEs varies depending on the distance and path loss from macro eNBs or RNs. In this paper, we adopt the large-scale path loss propagation model that is endorsed by 3GPP [10] - [12] .
A. Power model
The EARTH project [3] introduced a linear power model for different types of base stations, which details the relation between base station power consumption P in and Radio Frequency (RF) output power P out . According to the EARTH power model, we have:
where P max represents the maximum RF output power at full load, P 0 is the minimum power consumption when the node is in idle mode and ∇p denotes the power amplifier efficiency. The power consumption parameters for different types of base stations and relays, based on the EARTH project state-of-theart estimation, are presented in Table I . We now present an analytical model for optimizing relay placement and load balancing in a macro-relay heterogeneous network with the aim to minimize energy consumption. Directly modeling the scenario in Fig. 1 is not particularly useful for our purposes. The main problem is represented by UEs because, in general, their position, link quality, and traffic demand significantly change over time, while our RNs deployment will be static. Thus, we divide the network service area into a set T of non-overlapping tiles. Tiles may have different sizes and shapes, and are in general no bigger than a cell, as depicted in Fig. 2 .
For each tile t, we define τ t as the amount of traffic (e.g., Megabits) requested by each user. We assume that an estimate of τ t is known. We also know the set B of eNBs, and the set L of candidate locations where RNs may be placed. The eNBs, relay candidate locations and tiles constitute the vertices of a graph, representing our network. The edges of the graph represent the connectivity opportunities among the vertices. We assume that each macro base station provides single cell coverage. Therefore, we ignore redundant edges representing direct link connection opportunities from each macro eNB to its neighboring cells. Similarly, we ignore redundant edges representing backhaul link connection opportunities from each macro eNB to its neighboring cells.
For each edge connecting a pair of nodes (e 1 , e 2 ), we know the weight w(e 1 , e 1 ), expressing how much data we can transfer from e 1 (corresponding to an eNB or a RN) to e 2 (corresponding to a RN or a tile). For each of the following pairs (relay candidate location, tile), (eNB, tile), (eNB, relay candidate location), (relay candidate location, relay candidate location) that are connected by an edge (e 1 , e 2 ), we know the associated transmit power, P (e 1 , e 2 ). Furthermore, active eNBs and RNs consume an amount of power, respectively, P 0 (b) and P 0 (l), which depend on the transceiver electronics, cooling, etc., i.e., they are independent of the node traffic load. Finally, we have a maximum number R of RNs that can be deployed due to operators' budget constraints.
We formulate the energy efficient relay placement optimization algorithm as a MILP problem. First, we introduce a set of binary variables y l , y b ∈ {0, 1}, representing, respectively, whether we place a RN in a candidate location l ∈ L, and whether eNB b ∈ B is ON or OFF. Furthermore, we need to express how much traffic we transmit between UEs, RNs and eNBs. We do so through real variables x(e 1 , e 2 ). At last, we introduce a set of binary variables z(b, l), each expressing whether b ∈ B is a donor eNB for RN in location l ∈ L. To streamline the notation, we also denote the donor eNB for RN in l as D l ∈ B.
Constraints. The first constraint we introduce concerns weights. For each pair of endpoints (UEs, RNs and eNBs) that can communicate, the amount x of transmitted data must not exceed the weight w of the edge:
The constraint in (2) is a capacity constraint. The exact value of the weight w is calculated using the channel capacity formula. Next, a flow conservation equation holds for RNs. These are purely relay nodes, so the amount of data entering and exiting each of them must be the same:
As far as the association between RNs and their donors (be them an eNB or another RN) is concerned, each active RN should be associated with only one donor at a time:
Additionally, inactive eNBs and RNs cannot act as donors for any RN. 
Clearly, no data flow can exit non-active candidate locations or eNBs, i.e., the ones with y l = 0 or y b = 0. We thus change the capacity constraint as follows:
x(e 1 , e 2 ) ≤ y e1 · w(e 1 , e 2 ), ∀e 1 ∈ B ∪ L.
When y e1 = 0, i.e., the source endpoint (eNB or RN) is off, the right-hand side term is zero and no data can be transmitted. Similarly, we have to make sure that no data flow between eNBs and RNs that are not associated with each other, i.e., whose z-value is zero:
As mentioned earlier, at least τ t traffic should be delivered to each tile t. This translates to the following minimum rate requirement:
Notice that in the above we do not have to insert y-variables, as they are enforced already in the constraint. Finally, the following constraint captures the limit on the maximum number of RNs that can be deployed in the system, due to budget constraints:
Objective. Our objective is to minimize the total power consumed by the network. This includes:
• the fixed power P 0 for activated eNBs and RNs;
• the traffic-dependent power P (e 1 , e 2 ) for pairs of communicating endpoints. Formally, it can be written as:
The objective function (10) is linear, and so are all our constraints. Hence, our problem is a MILP problem, where the complexity stems from the binary variables y l and y b .
A. Optimization Problem Complexity and Solution
The energy efficient optimal relay deployment MILP problem in (10) can be solved optimally using the state-of-theart IBM CPLEX Mixed Integer Optimizer. However, large instances of the above problem can prove challenging to be solved optimally. More specifically, it is obvious from the objective function and constraints in equations (2)- (9) that the total number of terms inside the constraints can rise significantly with the increase in the number of nodes such as macro eNBs, candidate relay locations and users. The rationale behind it is that the number of connection opportunities among different nodes increase with the addition of more nodes. Therefore, the complexity of CPLEX Mixed Integer Optimizer optimal solution increases dramatically as we move toward larger clusters of cells. Such complexity issue forms the basis to investigate approximate solution strategies. In this regard, one practical and effective approach is to apply a distributed solution technique in which we can make repetition of small cell clusters in order to deal with a larger cluster. For small cell clusters, the problem can be solved efficiently in a distributed manner. Then, we merge the distributed solutions in order to obtain the network-wide solution. Clearly, a dramatic reduction in computational complexity comes at the cost of a performance gap between the optimal CPLEX solution and the distributed solution. We investigate such performance gap in the next section. 
IV. PERFORMANCE EVALUATION
In this section, we evaluate the performance of our proposed energy efficient algorithm. The parameter values we use in our analysis are reported in Table II . The first scenario we consider consists of 7 cells macro-relay network with uniformly distributed users, as shown in Fig. 3 . In this scenario, we utilize the relay urban 2014 power model for performance evaluation. Fig. 4 depicts the number of active macro base stations versus the total offered traffic load. From the plot, it can be seen that most of the eNBs are inactive at lower traffic load while, as expected, they all switch into the active mode as the total offered traffic load increases. A comparison of power consumption versus total offered traffic load is depicted in Fig. 5 . The bar labeled "optimal" in Fig. 5 represents the scenario where we take into account transmission and circuit energy of both macro base stations in active mode and deployed relays, which are obtained by solving the problem in (10) using CPLEX. Similarly, the bar labeled "macro relay network without inactive mode" represents the scenario where we consider transmission and circuit energy of all macro base stations in the network along with deployed relays. Finally, the curve "no relays" refers to the scenario where we only deploy macro base stations and all eNBs are in the active mode.
The Energy Consumption Index (ECI), or, equivalently, Power/Data rate, versus the total offered traffic load in seven cells is shown in Fig. 6 . Note that both power consumption and ECI of the optimal solution are significantly lower than "no relays" or "macro relay network without inactive mode". The rationale behind this fact is that most of the eNBs are operating in inactive mode in the optimal configuration. More specifically, the proposed multi-hop relay-to-relay communication allows some of the relays to act as donors for neighboring cell relays and allows eNBs to enter inactive mode. As a result, the optimal solution consumes less circuit energy as compared to the macro network without relays. It is evident from The second scenario we consider includes 19 macro cells, as depicted in Fig. 8 . In this scenario, we utilize the relay advanced power model (presented in Table I ) for performance evaluation. Fig. 9 presents the number of active macro base stations versus the total offered traffic load. It is evident that, in this case, even more eNBs are in the inactive mode in the optimal configuration. A comparison of power consumption versus the total offered traffic is shown in Fig. 10 . It is evident from Fig. 10 that power consumption of the optimal solution is 43% lower than the no relays case at offered traffic load of 14.25 Mbps. From the plot in Fig. 10 it can also be seen that power consumption of the optimal solution is 45% lower than the macro-relay network without inactive mode case at offered traffic load of 14.25 Mbps. The Energy Consumption Index versus total traffic load for, both, the optimal and the distributed solution is shown in Fig. 11 . It must be mentioned here that both the power consumption and ECI of the approximate distributed solution are very close to the optimal MILP solution. The rationale behind this fact can be explained with the help of Fig. 9 . Indeed, it can be seen from Fig. 9 that the number of eNBs in inactive mode for the distributed solution is slightly less or equal to the number of macro base stations in active mode for the optimal MILP solution.
V. CONCLUSION & FUTURE WORK
In this paper, we present an efficient energy minimization algorithm for LTE-Advanced macro-relay networks that, not only determines the optimal location and number of relays to be deployed in the network, but also enables macro base stations to switch into inactive mode at low traffic load. We have presented both an optimal and an approximate distributed solution and have shown that they are in close agreement. It is worth mentioning that our unique approach of relay-to-relay communication forms the basis for relays to act as donors for neighboring relays instead of macro eNBs thus allowing the latter to enter the inactive mode. As a result, our proposed optimal relay deployment algorithm power consumption is 51% lower than a macro network without relays. Moreover, we have shown that the power consumption of the proposed optimal solution is 54% lower than a macro-relay network without inactive mode.
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